-1 per link, requiring carrier frequencies in the unallocated terahertz (THz) spectrum 1,2 . In this context, seamless integration of THz links into existing fiber-optic infrastructures 3 is of great importance to complement the inherent portability and flexibility advantages of wireless networks by the reliable and virtually unlimited capacity of optical transmission systems. On the technological level, this requires novel device and signal processing concepts for direct conversion of data streams between the THz and the optical domains. Here, we report on the first demonstration of a THz link that is seamlessly integrated into a fiber-optic network using direct terahertz-to-optical (T/O) conversion at the wireless receiver. We exploit an ultra-broadband silicon-plasmonic modulator having a 3 dB bandwidth in excess of 0.
Future wireless communication networks have to handle data rates of tens or even hundreds of Gbit s -1 per link, requiring
carrier frequencies in the unallocated terahertz (THz) spectrum 1, 2 . In this context, seamless integration of THz links into existing fiber-optic infrastructures 3 is of great importance to complement the inherent portability and flexibility advantages of wireless networks by the reliable and virtually unlimited capacity of optical transmission systems. On the technological level, this requires novel device and signal processing concepts for direct conversion of data streams between the THz and the optical domains. Here, we report on the first demonstration of a THz link that is seamlessly integrated into a fiber-optic network using direct terahertz-to-optical (T/O) conversion at the wireless receiver. We exploit an ultra-broadband silicon-plasmonic modulator having a 3 dB bandwidth in excess of 0.
THz for T/O conversion of a 50 Gbit s -1 data stream that is transmitted on a 0.2885 THz carrier over a 16 m-long wireless link. Optical-to-terahertz (O/T) conversion at the wireless transmitter relies on photomixing in a uni-travelling-carrier photodiode.
Data traffic in wireless communication networks is currently experiencing explosive growth 4 and will account for more than 60 % of the overall internet traffic by 2021. To meet the associated capacity challenges, wireless communication networks will have to exploit frequency windows of low atmospheric attenuation in the unallocated THz spectrum beyond 1 0.275 THz. Moreover, future wireless links need to be intimately integrated into fiber-optic infrastructures, for example in terahertz-over fiber (ToF) 3 or fiber-to-the-antenna (FTTA) 5 architectures. This calls for seamless connection of optical fibers to THz transmitter (Tx) and receiver (Rx) front-ends.
At the THz Tx, optoelectronic conversion of data streams from the optical to the THz domain has been demonstrated to offer a variety of advantages 1 over conventional all-electronic approaches. These advantages include wideband tunability of the carrier frequency and the ability to exploit advanced optical circuitry for generation and multiplexing of data streams prior to conversion to the THz domain. Wireless transmission with data rates of 100 Gbit s -1 or more have previously been demonstrated [6] [7] [8] by direct optical-to-THz (O/T) conversion of a wavelength-division multiplexing (WDM) signal in an ultra-fast uni-travelling-carrier 9 (UTC) photodiode. In contrast to that, direct THz-to-optical (T/O) conversion of data signals at the receiver has not yet been shown, and previous transmission experiments [6] [7] [8] [10] [11] [12] still rely on all-electronic down-conversion 1 of the signals to the baseband using, e.g., sub-harmonic mixers 13 or Schottky diodes 14 .
In this paper, we report on the first demonstration of a wireless link that is seamlessly integrated into a photonic network, complementing direct O/T conversion at the THz Tx by direct T/O conversion at the THz Rx. The wireless link operates at a carrier frequency of 0.2885 THz with a maximum line rate of 50 Gbit s -1 and bridges a distance of 16 m. The THz signal is generated by O/T conversion in a UTC photodiode. At the receiver, the THz signal is converted to the optical domain by using an ultra-broadband plasmonic-organic hybrid (POH) modulator. The POH modulator features a flat frequency response 15,16 up to 0.36 THz along with small footprint of about 600 µm 2 , thus lending itself to high-density photonic integration. To the best of our knowledge, this is the first demonstration of direct conversion of a THz wireless data signal to the optical domain without prior down-conversion to the baseband or to an intermediate frequency. We expect that the combination of direct O/T and T/O conversion in ultra-compact devices has the potential to greatly accelerate THz communications and to advance the integration of THz wireless links into fiber-optic infrastructures. The concept relies on distributed THz transceiver (TRx) front-ends that are connected to powerful centralized digital signal processing (DSP) sites through widely deployed fiber-optic network infrastructures that exploit optical carriers to efficiently carry data signals over large distances. The architecture relies on direct O/T and T/O conversion at the TRx front-end, which is key to efficiently interface optical fibers to THz antennae. Direct conversion between analogue optical signals and THz waveforms considerably reduces complexity at the antenna site and improves scalability to a large number of geographically distributed high-performance THz links or cellular networks. Similarly, the concept of moving computationally expensive digital processing of baseband (BB) signals to centralized sites such as large-scale data centers offers unprecedented network scalability, flexible and efficient sharing of crucial resources as well as improved network resilience. Seamless combination of short-reach THz links with long-reach fiber-optic networks may thus represent a key step towards overcoming the capacity bottlenecks in wireless communication infrastructures.
At its heart, the architecture depicted in Fig.1a relies on THz transmitter (Tx) and receiver (Rx) front-ends that allow for direct conversion between optical and THz signals. The underlying concepts are illustrated in Fig.1b and c. After generating the analogue baseband waveform of the data signal at the DSP site, it is modulated onto an optical carrier at frequency 0 f by an optical transmitter (Opt. Tx) and then sent to the THz Tx through a fiber-optic network. At the THz Tx, see , is then transmitted into free-space by an antenna. At the T/O converter, Fig.1c , the THz data signal is received by another antenna and fed to a THz amplifier. For conversion to an optical carrier, the amplified signal is then coupled to a plasmonicorganic hybrid [17] [18] [19] [20] [21] [22] [23] (POH) Mach-Zehnder modulator (MZM), which is fed by an optical carrier at frequency Rx,LO f . The MZM generates an upper and a lower modulation sideband. An optical band pass filter (BPF) is used to suppress the carrier and to select one of the sidebands, see inset of Fig.1c . This scheme allows for operation over a wide range of THz frequencies, and does not require any down-conversion to an intermediate frequency before encoding the data onto an optical carrier, and hence considerably reduces the complexity at the THz front-end. After T/O conversion, the analogue signal is sent back through the fiber optic network to an optical receiver (Opt. Rx) in the centralized DSP site.
The scheme illustrated in Fig.1c crucially relies on ultra-broadband electro-optic modulators, offering modulation bandwidths that extend into the THz spectrum. High-speed Mach-Zehnder modulators (MZM) have previously been demonstrated using lithium niobate as the electro-optic medium -either as bulk material 24 or as thin films on silicon 25 or quartz 26 substrates. However, these devices are usually realized in travelling-wave configuration with typical device lengths on the millimeter or centimeter scale, which is not well suited for high-density integration. Moreover, while some lithium niobate devices show measureable sidebands up to modulation frequencies 26 of 0.5 THz, the underlying 3 dB bandwidths [24] [25] [26] are so far limited to approximately 0.1 THz. These bandwidth limitations can be overcome by plasmonic-organic hybrid (POH) modulators [17] [18] [19] [20] [21] [22] [23] that combine organic electro-optic (EO) materials with ultra-compact plasmonic slot waveguides. The POH concept allows to considerably reduce device footprint and offers a route towards high-density co-integration 22 with advanced silicon photonic circuitry 27, 28 . A fabricated POH MZM is shown in the false-colored scanning electron microscope (SEM) image in Fig.1d . Light is coupled to the silicon photonic (SiP) chip via on-chip grating couplers (not shown) and propagates in silicon strip waveguides (blue) as a quasi-transverse electric (quasi-TE) mode. A multimode interference (MMI) coupler splits the light from the input waveguide and launches it into the two arms of an unbalanced MZM. An MMI coupler at the other end of the MZM combines the modulated signals into an output waveguide which is connected to another grating coupler. Each arm of the MZM contains a POH phase modulator section comprising a narrow metallic slot (width w = 75 nm) between the gold electrodes (yellow), see Fig.1e . A pair of tapered silicon waveguides in each arm is used to convert the photonic mode of the silicon strip waveguide to the surface plasmon polariton (SPP) mode in the metallic slot waveguide 29 and vice versa, see inset of Fig.1e . The slots are filled with the organic EO material 30 SEO100. A THz signal applied to the ground-signal-ground (GSG) contacts of the plasmonic MZM leads to a THz electric field in the slots of each of the two arms and thus creates an optical phase shift. Fig.1f and g show that both the optical quasi-TE field and the THz electric field are tightly confined to the plasmonic slot waveguide, leading to a strong overlap and a high modulation efficiency. The MZM is configured to operate in push-pull mode with phase shifts of equal magnitude but opposite signs in each arm. This is accomplished by an appropriate choice of the poling directions 31 of the EO material with respect to the modulating THz field inside the two slot waveguides. Further details on the device fabrication can be found in the Methods.
Due to the strong interaction of the THz field and the optical wave in the plasmonic slot waveguide, POH phase shifters can be very short. This leads to ultra-small parasitic capacitances of the order of a few fF, thereby permitting theoretical RC corner frequencies in excess of 1 THz when connected to a signal source with a 50 Ω internal impedance 18, 31 . For our experiments, we have fabricated a 15 µm-long POH MZM with a slot width of 75 nm and characterized its response over an extended frequency range of up to 0.36 THz, limited by the signal sources available in our lab. Fig. 1a shows the basic setup for the bandwidth measurement. The optical CW carrier at a frequency is derived from an external-cavity laser (ECL) and launched into the plasmonic MZM that is driven by a small sinusoidal electric RF or THz signal with varying drive frequency m f . The intensity-modulated optical signal is then amplified by an erbiumdoped fiber amplifier (EDFA) and detected by an optical spectrum analyzer to evaluate the phase modulation index m ( ) f η . For each drive frequency, the optical spectrum exhibits a peak at fc along with two first-order sidebands at c m f f ± . Assuming that the MZM is biased at its quadrature (3 dB) point and that both arms of the MZM have the same phase modulation index η , the sideband-to-carrier power ratio 1 
Raw data and details on the evaluation can be found in the Supplementary Section I. The results obtained for our 15 µm-long POH MZM are shown in Fig. 2b . The device features a flat frequency response over the entire measurement range with no indication of any frequency-dependent decay. The random variations of the frequency response are attributed to uncertainties in measuring the power of the optical modulation sidebands and in determining the frequency-dependent RF/THz drive power. The experimental results hint to a 3 dB bandwidth that is significantly larger than the highest measured frequency of 0.36 THz. To the best of our knowledge, this represents the fastest EO modulator that has so far been demonstrated. Our findings are well in line with earlier demonstrations of POH modulators, where operation up to frequencies of 0.17 THz has been shown 23 , see
Supplementary Section I for details. Note that POH devices are not limited to gold as a plasmonic material, but may also be realized by employing CMOS compatible materials 33 , which would allow for co-integration with silicon-based electronics.
For the THz wireless transmission experiments, we use a second-generation device with slightly longer MZM (20 µm instead of 15 µm) featuring a slot width of 75 nm and the same electro-optic material (SEO100) as the cladding. For this device, we measure an EO figure-of-merit (FoM) of 3 EO 33 315 pm V n r = , leading to an estimated EO coefficient of 33 . Fig. 2b shows the optical spectrum at the input of the UTC photodiode, marked as position 'A' in Fig.1b . At the THz Rx, the received signal is boosted by two cascaded THz amplifiers to drive the POH MZM via a ground-signal-ground (GSG) probe with a hollow-core waveguide. The amplifiers are based on millimeter-wave monolithic integrated circuits (MMIC) and feature a total gain of approximately 40 dB for frequencies between 0.270 THz and 0.310 THz, see Supplementary Section II for details. The POH MZM is biased at its quadrature (3 dB) point and hence imposes an intensity modulation on the CW carrier at Rx,LO 194.57 THz f = obtained from a second ECL. The optical data signal is amplified by erbium-doped fiber amplifiers (EDFA) and sent through an optical filter which suppresses the carrier at Rx,LO f along with the upper sideband. The corresponding spectrum taken after the optical filter, i.e., at position 'B' in Fig. 2c . The optical QPSK signal is detected and evaluated using an optical modulation analyzer with an in-built optical LO for coherent intradyne reception. Note that intensity-modulating a THz QPSK signal onto an optical carrier and selective filtering of one of the sidebands generates an optical QPSK signal even though the THz Rx contains only a simple MZM. Note also that, due to the limited tuning range of the optical filter, we chose to isolate the lower sideband of our optical signal rather than the upper one, as sketched in Fig.1c .
The QPSK data signal is analyzed offline using standard DSP techniques, and the bit error ratio (BER) is extracted, see Supplementary Section III for details. Fig. 2d shows the BER as a function of the QPSK symbol rate. Up to 18 GBd (line rate 36 Gbit s -1 ), the BER stays below the 7 % hard-decision forward error correction (FEC) limit 36 , while we have to resort to a 20 % soft-decision FEC for higher data rates. The BER is mainly limited by the amplified spontaneous emission (ASE) noise of the EDFA. Furthermore, for symbol rates larger than 12 GBd, the BER increases due to a drop in the THz amplifier gain by up to 2.5 dB within the bandwidth of the data signal, leading to signal distortions as well as a reduced drive signal amplitude for the modulator, see Supplementary Section II. Fig. 2e shows the QPSK constellations for line rates of 20 Gbit s -1 , 30 Gbit s -1 , 40 Gbit s -1 and, 50 Gbit s -1 respectively. To the best of our knowledge, this experiment corresponds to the first demonstration of data transmission using direct THz-to-optical conversion.
In summary, we have demonstrated an optical-wireless-optical link with purely optoelectronic frequency conversion both at the THz transmitter and the THz receiver. The link spans a distance of 16 m and is operated at a carrier frequency of 0.2885 THz. Key for this demonstration is a compact ultra-broadband plasmonic modulator offering an unprecedented modulation bandwidth of at least 0.36 THz. With a 20 % soft-decision FEC, we achieve a fiber-to-fiber line rate of 50 Gbit s -1 . These results demonstrate the prospects of plasmonic modulators as powerful subsystems for THz receiver front-ends. Such devices lend themselves to cointegration with the full portfolio of silicon photonic components that have emerged over recent years 27 , possibly complemented by silicon-based nanoelectronic devices 28 . We believe that direct T/O conversion at the Rx can boost terahertz wireless links to data rates of hundreds of gigabit per second.
Methods

Fabrication and characterization of plasmonic modulators:
The plasmonic-organic hybrid (POH) modulators used in our experiments are fabricated on standard silicon-on-insulator (SOI) substrates, featuring a 220 nm-thick silicon (Si) device layer and a 2 µm-thick buried oxide (SiO2). Structures are defined by high-resolution electron-beam lithography. A partial Si dry etch step followed by a subsequent full etch of the Si layer is used to form the grating couplers and the 500 nm-wide Si nanowire waveguides. The metallic slots of the plasmonic Mach-Zehnder modulator (MZM) are fabricated via a lift-off process where a 150 nm-thick gold layer is thermally evaporated on a sacrificial layer of poly-methyl methacrylate (PMMA). The metallic slots in the two arms of the MZM are designed to be identical, each featuring a width of w = 75 nm, see Fig.1e . The Si nanowire waveguide, depicted in blue in Fig. 1e , ends at the plasmonic section of the MZM with a taper tip angle of 12°, see inset of Fig.1e . These tapers enable efficient conversion between the photonic mode in the silicon waveguide and the surface plasmon polariton (SPP) in the metallic slot with typical conversion losses of only 0.7 dB per transition 17, 29 . The silicon waveguides in the two arms of the MZM have a geometrical length difference of 80 μm, see Fig.1d , to enable adjustment of the MZM operating point by tuning the wavelength. The electrooptic cladding consists of the commercially available material SEO100, for which an EO coefficient of r33 = 160 pm/V has been demonstrated in a thin-film experiment 30 . The material is spin-coated onto the plasmonic MZM and poled by applying a static electric field at an elevated temperature for aligning the randomly oriented EO dipoles 31 . Subsequent cooling preserves the dipole orientation even after removal of the poling field. For a slot waveguide length of L = 20 µm, we measured an insertion loss of 16 dB for the plasmonic section. The in-device EO figure-of-merit (FoM) and the EO coefficient are estimated to and Uπ are the operating wavelength, and the measured peak-to-peak modulation voltage that is needed to drive the modulator from constructive to destructive interference for low frequencies. The calculated 31 field interaction factor G = 0.77 describes the interaction between the modulating RF field and the optical field. By measuring on-chip silicon nanowire waveguides of different lengths at 1550 nm, we found an insertion loss of 6.5 dB per on-chip grating coupler and a propagation loss of 0.9 dB/mm for the silicon waveguide sections. , no source was available in our laboratory. To eliminate the impact of the frequency-dependent drive signal power, the modulation sidebands are measured together with the available electrical power e P in front of the GSG probes, using a step size of 2 GHz for frequencies up to 0.17 THz and of 5 GHz in the frequencies from 0.22 THz up to 0.36 THz. A dedicated calibration procedure is used to ensure global comparability of the modulation indices measured in the various frequency bands, see equation (1) as well as Supplementary Section I for details. For frequencies up to 65 GHz, we use an Anritsu ML2438A power meter, whereas the power at higher frequencies is measured by a waveguide-coupled calorimeter (VDI Erickson PM4).
THz-to-Optical Conversion in Wireless Communications
Using an Ultra-Broadband Plasmonic Modulator 
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I. Frequency Response of the Plasmonic-Organic Hybrid (POH) Modulator
We 
In this relation,
β , (1) β and (2) β denote the propagation constant, its first and its second-order derivative at the center frequency 0 ω . The parameters 
The normalization according to Eq. (S4) allows to infer the global electro-optic response of the POH MZM measured in various frequency bands, leading to the results shown in Fig. 2b in the main paper. From these results it can be observed that the plasmonic MZM has a flat frequency response exceeding 0.36 THz with no sign of bandwidth limitation. Our findings emphasize the fact that the POH modulators are capable of modulating THz frequencies, as predicted in the literature 2, 3 , and are in line with previous experiments that demonstrated operation of POH modulators 4 at frequencies up to 0.17 THz. Note, however, that in the work presented in ref 4 , the frequency response was measured in different frequency bands and the results for each band were then independently normalized to the mean of all data points of the specific band. This technique does not relate the measured modulation index to the actual electric drive amplitude in an extended frequency range and hence makes it difficult to infer the overall frequency roll-off of the modulator transfer function. We overcome this problem by using the global normalization technique presented in the preceding paragraphs. Note that extrapolation by an essentially flat frequency response is a conservative estimation: assuming a frequency-dependent decay of the S21 parameter would lead to a decrease of the drive voltage that is assumed to be effective at the modulator. This would result in an increase of the normalized MZM frequency response in Fig. 2b (in the main paper) , that is obtained from dividing the measured phase modulation index by the estimated drive voltage amplitude.
II. Characterization of the Uni-Travelling-Carrier Photodiode and the THz Amplifiers
The frequency response of the uni-travelling carrier photodiode (UTC-PD) employed in the data transmission experiments is characterized using the setup depicted in Fig. S5(a) . Light from two detuned external-cavity lasers From the measurements of the received power, we estimate that the combination of transmitter-receiver lens-andhorn antenna feature a gain of ~ 79 dBi compared to an isotopic antenna, see Section III of the Supplementary Information.
In the transmission experiment, a minimum THz power of 2.5 dBm is needed at the input of the POH MZM to achieve a BER of 4.5×10 -3 , corresponding to the threshold for forward-error correction (FEC) with 7 % coding overhead. This THz power is indicated by a red dashed line in Fig. S5(d) . The usable spectral range with THz output powers above this limit corresponds to a roughly 16 GHz wide band, centered around 0.2885 THz. This 
III. Experimental Setup Used for Data Transmission Experiments
A detailed sketch of the THz transmitter for optical-to-THz (O/T) conversion is depicted in Fig. S6(a) . A softwaredriven digital-to-analog converter (DAC, Keysight M9505A, sampling frequency 90 GSa s -1 ) is used to generate drive signals for QPSK modulation using a pseudo-random binary sequence (length 2 The intensity-modulated signal out of the plasmonic modulator is coupled out of the chip using another grating coupler and then amplified by an EDFA. One of the modulated side bands of the amplified signal at frequencies
is filtered with a 0.6 nm band-pass filter and sent through a second amplification stage, where the optical signal is further amplified to a power of 1 dBm. The resulting signal is again filtered with a 1 nm bandpass filter to additionally suppress the optical carrier and one of the modulation sidebands before being detected by a coherent optical receiver (Agilent optical modulation analyzer N4391A, OMA). The received electrical signal is recorded by a real-time oscilloscope (32 GHz analog bandwidth) and evaluated off-line using digital signal processing (DSP). After resampling and clock-recovery, the recorded data is equalized using a constant-modulus algorithm. The phase of the carrier is estimated based on a Viterbi-Viterbi algorithm, and the bit error ratio (BER)
is computed as a final step. Setup for terahertz-to-optical (T/O) conversion at the THz receiver using a plasmonic Mach-Zehnder modulator (MZM). The incoming signal is focused into a horn antenna by a second PTFE lens. It is then fed to a cascade of THz (H-band) amplifiers, which drive the POH MZM, thereby modulating the signal onto an optical carrier. A cascade of EDFA and optical band-pass filters (BPF) is used to amplify the intensity-modulated optical signal and to isolate one of the sidebands. Note that, due to the limited tuning range of the optical filter used in this experiment, we chose to isolate the lower sideband of our optical signal rather than the upper one, as sketched in Fig.1c 
IV. Back-to-Back Data Transmission Measurements
To test the transmission setup prior to the wireless transmission experiment, we performed a back-to-back measurement. To this end, we directly connect the THz transmitter (UTC PD) to the POH MZM using only the Hband medium-power amplifier (MPA), see Fig. S7(a) . For B2B measurements, Tx Since noise at the optical receiver is dominated by amplified spontaneous emission (ASE) of the EDFA after the POH MZM, the higher available THz drive power of the MZM directly translates into a lower BER for the transmission experiment as compared to the back-to-back test. The THz data signal from the UTC-PD is amplified using an H-band medium-power amplifier (MPA) and directly coupled to the plasmonic MZM via a GSG probe. (b) Measured bit error ratios (BER) of the back-to-back data experiment for different symbol rates of THz QPSK signal. Note that the setup for the back-to-back test is different from the one used in the actual transmission experiment, in which the received signal is amplified by a cascade of the H-band MPA and the H-band low-noise amplifier (LNA). It is hence impossible to directly compare the results -for a given symbol rate, the BER obtained from the back-to-back test is even higher than that of the wireless transmission experiment.
